Recently, strong interest has appeared in a compact tokamak design, where a single central post replaces the central parts of all toroidal field (TF) coils. This low aspect ratio (LAR) tokamaks with A = 1.5-2.5, (where A is the aspect ratio, i.e., the ratio of the average major radius to the average minor radius for the last closed flux surface), or ultralow aspect ratio (ULAR) tokamaks, with A = 1.05-1.5, are promising for obtaining plasmas with the high number density and high p (p is the ratio of thermal plasma energy to the magnetic field energy) in a device of moderate size and relatively low magnetic field. Good plasma access is another advantage of these configurations. The LAR or ULAR tokamaks are often called the spherical tokamaks (ST). The results reported from the spherical tokamaks START at Culham [6] and CDX-U [7] were very promising.
In addition to the relatively high /3 obtained, low plasma disruptivity has been reported. Because of this initial success, the program on spherical tokamaks is quickly extending [8] .
Normally stellarators have large aspect ratios of A 2 10. The lowest aspect ratio stellarators ever built are the Compact Helical System (CHS) [9] and the Compact Auburn Torsatron (CAT) [lo] which have A = 5. Even the stellarators with A = 7.5, such as Advanced Toroidal Facility (ATF) or LHD, are called [l l] low aspect ratio stellarators. Because the compact stellarator configuration is very attractive for a reactor design, there are a number of publications addressing compact stellarator issues [I l-131 , but again for the aspect ratios that cannot be called LAR or ULAR.
Some difficulties of the ST program are related to the fact that, because of tight space for the Ohmic current transformer, it cannot support the inductive current for a long time. Other, noninductive current drive (CD) methods [such as radio-frequency (RFCD) or neutral beam injection current drive (NBCD)] have to be used to maintain the plasma current beyond the initial Ohmic start-up. Another set of potential problems of the ST approach, as a next-step device or especially as a prototype for the fusion In this paper, we study the LAR or ULAR approach but, in contrast with the above mentioned tokamak systems, for a stellarator. We call such stellarators "spherical stellarators" (SS) in analogy with the spherical tokamaks. The coil configuration of SS has many common characteristics with that of ST. The simplest SS can be obtained by inclination of the external parts of all TF coils by the same angle. Similar to ST, it might have a central post combining the central parts of all TF coils. The main difference from ST is that the outboard parts of the TF coils in SS are nonplanar (like in a stellarator).
We use the following definition of the aspect ratio in SS: A = CR max + Rmin)/2(rp).
H ere a symbol () means averaging over the poloidal 6 and toroidal cp angles. The value of r,(6, cp) is the minor radius on the last closed flux surface for given (6, p) , and R,,,, Rmin are the maximum and minimum major radii for the last closed flux surface. In some SS devices that we have considered, thus defined A was close to 1, although for more optimized cases (with the divertor coils, for example), A is usually about 1.5-2.
The following set of SS configurations is under discussion in this paper. The SS device is obtained from the cor In some sense. this type of SS configuration is similar to a device with inclined coils described in our recent publications [14-171, but corresponds to the ultralow aspect ratio. In this paper we are using D-shaped coils. Similar to a device with inclined coils, the SS of the type considered requires a set of poloidal field coils to compensate the vertical magnetic field produced by the inclined parts. The SS configuration with six TF coils (modified as described above) is shown in Fig coil projections, so the particular dimensions of the coils, chosen for this example, can be seen as well. Two poloidal field (PF) coils at small radii, whose projection is shown in Fig. 2 at the major radius R = 0.1 m, are introduced specially to demonstrate the simplicity of the divertor in this configuration. For the magnetic field B = 0.7 T at the middle of the last closed flux surface (at R = 0.55 m) the currents in the coils were as follows: IrF = 300 kA (current in each TF coil), Zpr = 60 kA (current in each PF coil at R = 1.12 m), Zp2 = 35 kA (current in each PF coil at R = 0.8 m), Zp3 = -40 kA (current in each divertor coil at R = 0.1 m). Without these two divertor coils, the aspect ratio will be smaller: It will change from A = 1.9 toA = 1.4 for the configuration without the divertor coils (see Fig. 3 ). However, without the divertor, the significant particle and heat fluxes might be deposited on the central post (the similar problem as in ST devices). In SS, particle losses will occur mostly on the outboard parts of the flux surfaces, where the local magnetic field ripple is strongest. Details of the simple divertor configuration produced by the two mentioned PF coils are presented in Fig. 4 . The field line traces show clearly that trajectories of the particles, leaving the last closed flux surface while being on its outboard part, will be directed by the divertor coils into the top and bottom areas where the divertor plates can be conveniently installed.
One can see that the divertor configuration in this kind of stellarators possesses toroidal symmetry (similar to that in a tokamak) and is significantly much simpler than the divertor configuration for any other stellarator (see, for example, [5] for a divertor in W7-X). Figure 4 shows also that the divertor region in SS is practically "ideal," similar to that in a tokamak, without stochastic regions and magnetic islands which are so typical for stellarators. It is important to note, also, that the magnetic configuration obtained is favorable for magnetohydrodynamic (MHD) stability.
It possesses a strong magnetic well, which can be defined through the integral U = Jdl/B taken along field line and averaged over the flux surface. to the values at the given flux surface with the average minor radius p. Figure 5 shows (solid curve) the dependence of W(p) for the SS configuration of Fig. 1 that corresponds to a total magnetic well of about W, = 67%. This is a very high number ensuring the good stability properties of the SS configuration. The amount of trapped particles and particle transport in the device depend significantly on variation of IBI along field lines. It can be characterized by the magnetic fieldmodulation:
v(p) = (B,,, -B,i")/(B,,, + B,i,). The radial dependence of v(p) for the device considered is presented in Fig. 5 (dashed curve) .
One can see that 77 is a growing function of p, and vmax = 67% at the outermost flux surface with p = 29 cm. This value of the field modulation is less than in a typical ST device.
Rotational transform behavior in SS is very different from that in a typical stellarator. Figure 6 shows the radial dependence of the rotational transform L = l/q, q being the safety factor, for the device of Fig. 1 . As one can see, the total rotational transform L (solid curve) is a decreasing function of p, which is typical for tokamaks and is very rare in stellarators.
In SS, the local L changes significantly in the poloidal direction: It is relatively large (dashed curve in Fig. 6 , showing increasing ~~~ with p) on the external (outboard) halves of the flux surfaces, which are closer to the inclined parts on the coils, and small on the internal (inboard) halves of the flux surfaces (dotted curve, for bin). The relation between the total L and its external L,, and internal Lin components can be expressed as 2/L = l/L,, + l/Lin.
The relatively large value of L,,, between 0.2 and 0.3, and the corresponding shear are of importance for good plasma equilibrium and stability properties in SS.
The SS configuration depends significantly on the number N of the TF coils. The change in the aspect ratio, A, and the central rotational transform L(O) is given in Fig. 7 (for SS configurations without a divertor) for variation of N from 3 to 12. The case of N = 6 corresponds to Fig. 3 and represents probably a reasonable compromise. The SS configurations with a divertor, as mentioned above, have larger aspect ratios, but the general dependence on N is similar.
The SS configuration considered possesses wide flexibility and might feature many advantages. It can even be converted into a novel stellarator-tokamak hybrid by adding (similar to that for ST) the standard ohmic current transformer. The aspect ratio A for SS is generally larger than that for ST. If one will try to increase A in ST, he will lose many benefits of ST. Contrary to that, the configuration of SS with a divertor, presented in Fig. 3 , has A = 1.9 and there is enough space available near the central post not only for the transformer but also for installation of the protection and the blanket (for a reactor).
A few potential advantages of the SS configuration considered, over other approaches in controlled fusion via magnetic confinement, can be summarized as follows: (a) very compact design offering the low cost approach; (b) as a stellarator, it has closed vacuum flux surfaces ensuring efficient noninductive startup, and it does not need, in principle, the ohmic current transformer; (c) simple modular coil system; (d) easy access to the plasma; (e) more area for heat removal and the tritium breeding blanket in a reactor; (f) simple toroidally symmetric divertor configuration; and (g) enough space between the central post and the plasma surface to put the blanket and protect the post from the intense fluxes of particles, heat, and neutrons. Some other advantages might be discovered during the further analysis.
While this paper was under review, further calculations [ 191 via the 3D equilibrium code VMEC [20] showed a number of interesting results which we would like to mention here. It was found that addition of the plasma current in SS produces positive changes: The total rotational transform increases and the horizontal plasma position and the magnetic axis location can be effectively controlled by the currents in the PF coils. The high p equilibria [p(O) > 30%] have been found in SS with the plasma current. It has been found also that the bootstrap effect can supply the full plasma current required for the high p equilibria in SS. The particle transport is a very important issue as well, and the first step in such an analysis is to make a presentation of IBI on the flux surfaces in Boozer coordinates. We did such calculations (by using S. Hirshman's code) and found [21] , in particular, that the magnetic field in SS possesses a wonderful feature: At the average minor radius p > p,,,/2, the toroidal symmetry is more pronounced with increasing p. This means that the particle transport at p > pm,,/2 should be similar to that in ST, which is rather good. More detailed calculations are in progress.
The 
